Carbon dioxide (CO 2 ) injection into saline aquifers is one method of mitigating anthropogenic climate change. To ensure secure storage of this CO 2 , it is important to understand the interaction of CO 2 injection and migration with geological layering. For example, seismic monitoring at the Sleipner pilot project suggests that the injected CO 2 is ponding against, and leaking across, a series of thin, intermediate seals.
I. INTRODUCTION
Carbon capture and geological storage (CCS) involves injecting large amounts of carbon dioxide (CO 2 ) into saline aquifers for long-term storage. In order to achieve a meaningful reduction in CO 2 emissions to the atmosphere, CCS would need to be implemented at a very large scale [e.g., 1]. A key factor in the design and implementation of CCS is that of storage security: The injected CO 2 should remain safely within the target aquifer. Upward leakage of CO 2 into overlying layers could have undesirable environmental consequences, such as the contamination of drinking water [e.g., 2, 3] .
The Sleipner CCS pilot project is the largest and longest-running test of CO 2 injection for dedicated storage, involving CO 2 injection into a sandstone saline aquifer (Utsira Formation, North Sea) at an average rate of about 1 Mt y −1 since 1996. Saline aquifers are layers of rock with relatively high permeability, such as sandstone, that are bounded above and below by sealing layers ("seals") with much lower permeability, such as shale or mudstone. During CO 2 injection into such aquifers, the buoyant and relatively low-viscosity CO 2 will tend to rise, spread, and migrate as a coherent plume known as a gravity current [e.g., [4] [5] [6] [7] [8] . As a result, the primary barrier to leakage of CO 2 out of the target aquifer is the integrity of the aquifer's caprock, which is the seal that forms its uppermost boundary. For a competent seal, gas leakage is blocked by a large capillary entry pressure due to the fine-grained microstructure of the rock.
The injection and subsequent migration of the CO 2 at Sleipner has been monitored via periodic seismic surveys. The resulting images show a striking and unanticipated example of CO 2 leakage, revealing as many as nine separate CO 2 plumes stratified across a sequence of thin mudstone seals interbedded with the sandstone of the aquifer [9, 10] . These mudstone layers are too thin to be resolved in seismic images, so their lateral extent and the precise mechanism by which the CO 2 is able to leak across them remains unclear. If the layers lack lateral continuity, then the CO 2 could be spilling over their lateral edges [e.g., 11]. Alternatively, the CO 2 could be flowing across these layers via a focused conduit such as a cross-cutting fault or fracture, or it could be flowing through the pore space of the layers themselves [e.g., 12]. The latter is only possible if pressure in the gas exceeds the capillary entry pressure of the seal via some combination of buoyancy and injection pressure.
Leakage across a seal via focused conduits ('focused leakage') has attracted particular attention, and has been studied from a variety of perspectives. For example, several studies have considered the impact of leakage through a fault or fracture on the migration of a buoyant plume along the top seal (or a dense plume along the bottom seal) of a semi-infinite porous layer [e.g., [13] [14] [15] [16] . Leakage through a seal by overcoming its capillary entry pressure ('distributed leakage') has attracted less attention. Pritchard et al. [17] , Acton et al. [18] , and Farcas and Woods [19] all studied the impact of distributed leakage on the migration of an unconfined plume (i.e., neglecting the ambient fluid);
all of these studies neglected capillary entry pressure, such that the plume always leaks and the local leakage rate is proportional to the local plume thickness. Woods and Farcas [20] introduced capillary entry pressure to this problem, such that there is a minimum local plume thickness for which leakage will occur.
In leakage from an unconfined porous layer, the ambient fluid is irrelevant to the problem and the migration and leakage of the plume are driven strictly by buoyancy (see references above). In the confined version of this problem, where the porous layer has a finite thickness, migration and leakage of the plume become strongly coupled to migration and leakage of the ambient fluid [21] [22] [23] [24] . Of the studies mentioned above on both focused and distributed leakage, only Pegler et al. [23] considered what happens to the fluids after leaking; they assumed that leaked fluids were injected into an overlying aquifer where they would continue to migrate due to pressure and buoyancy, such that the subsequent rate of leakage was then coupled with flow in the overlying aquifer.
In a confined layer, distributed leakage is complicated by the fact that both fluids can cross the seals at any point, leading to a rich flow problem that has not previously been explored. Jenkins et al. [25] recently studied distributed leakage of the ambient fluid (brine) during gas injection into a layered system of horizontal aquifers separated by thin seals, but assuming that the gas cannot leak (i.e., that the entry pressure is never exceeded). Distributed brine leakage is interesting and important in its own right, because it enables strong vertical pressure dissipation and therefore plays an important role in mitigating pressure buildup during gas injection [26] [27] [28] . Jenkins et al. [25] showed that vertical pressure dissipation is also coupled to the motion of the gas plume, leading to a more compact plume shape by suppressing the formation of the advancing gas tongue.
Here, we extend the work of Jenkins et al. [25] to account for distributed gas leakage.
A key aspect of the present study is that, as in Jenkins et al. [25] , we focus on a layered system.
This enables a strong coupling between injection, migration, leakage, and pressure dissipation across layers. For example, gas injection drives brine leakage by pressurising the target aquifer relative to the over-and underlying aquifers, but this brine leakage acts to dissipate the injection pressure into the over-and underlying aquifers and thereby imposes a negative feedback on fur-
A section of our model system, which comprises a sequence of aquifers of thickness H alternating with seals of thickness b. The gas-saturated region is shown in red.
ther leakage. We show here that this coupling becomes even more complex when gas leakage is introduced. In §II, we review the model of Jenkins et al. [25] and extend it to include gas leakage. In §III, we outline our numerical scheme and then explore the different factors that control the buildup of capillary pressure along the underside of the seal. We then explore the parameter space that governs gas leakage. In §IV, we discuss the implications of our results for CCS, with a particular focus on CO 2 injection at Sleipner. Note that we focus here on the likelihood of gas leakage, and on the impact of gas leakage on the spatial distribution of gas at the end of injection.
We plan to study the time evolution of the gas plume and the pressure field, both during and after injection, in future work.
II. THEORETICAL MODEL
Our geological setting is the same as in Jenkins et al. [25] . We consider a layered system comprising an alternating stack of N z aquifers and N z +1 seals (Figure 1 ). Each aquifer is bounded above and below by a seal, and we count the aquifers and seals from the bottom up, such that the deepest and shallowest aquifers are 1 and N z respectively, and the deepest and shallowest seals are 1 and N z + 1 respectively.
We assume that all aquifers have the same uniform thickness H, porosity φ, and isotropic permeability k, and that all seals have the same uniform thickness b (b H) and isotropic permeability k s (k s k). It would be straightforward to extend our model to include anisotropy, variations in layer properties, or lateral heterogeneity, but we omit these complications here for simplicity.
We consider two immiscible phases of different density: A buoyant, non-wetting phase ('gas') and a denser, wetting ambient phase ('water'). In the context of CCS, the former would be supercritical CO 2 (not strictly a gas) and the latter would be saline groundwater, also commonly referred to as brine. We denote phase identity with a subscript α, with α = w for water and α = g for gas. We account for the weak compressibility of both fluids by allowing their densities ρ α to vary linearly with pressure about a reference state,
where p α is the pressure of phase α, ρ 0 α is the density of phase α at reference pressure p 0 , and c α is the compressibility of phase α about p 0 (c α ≡ (1/ρ 0 α )(dρ α /dp)| p 0 ). For pressures typically associated with natural fluid migration and subsurface engineering, we expect that c w (p w − p 0 )
1. We therefore assume that ρ w ≈ ρ 0 w , which simplifies our analysis below. We do not make this assumption for gas since we expect that c g c w .
As in Jenkins et al. [25] , we allow for vertical and lateral pressure dissipation via brine flow through the aquifers and across the seals. Unlike in Jenkins et al. [25] , we now also allow for gas flow across the seals, subject to an appropriate capillary entry threshold. The central goal of this study is to explore the coupling between pressure dissipation and gas leakage during injection.
We focus on flow in the x-z plane, where gravity points in the negative z direction. We assume symmetry along the y direction (into the page). We denote the top and bottom of aquifer n by z n,T and z n,B , respectively, such that z n,T − z n,B ≡ H and z n+1,B − z n,T ≡ b for all n (Figure 1 ).
A. Flow in aquifer n
The theoretical framework for our model and the majority of the underlying assumptions are the same as those in Jenkins et al. [25] . As a result, we proceed by outlining the key points and highlighting the differences from that previous study. We again invoke a two-phase gravity-current formulation in which the fluids are strongly segregated by gravity -that is, we study the flow of a coherent plume of gas relative to ambient water.
Water in aquifer n
We now outline the derivation of the governing partial differential equation (PDE) for water in aquifer n, which is identical to that in Jenkins et al. [25] . Conservation of mass for the water in aquifer n is given by
where s w is the water saturation, q w is the Darcy flux of water, and I w is the local mass rate of water injection per unit volume. The Darcy flux of water is given by Darcy's law,
where k rw is the relative permeability of water, µ w is the dynamic viscosity of water, which we take to be constant and uniform, p w is the water pressure, g is body force per unit mass due to gravity, andê z is the unit vector in the positive z direction.
The vertical component of Darcy's law (Eq. 3) can be rearranged to give an expression for the vertical pressure gradient,
where q w,z is the vertical component of the water flux and λ w ≡ kk rw /µ w is the water mobility.
The classical model for a gravity current in an aquifer with impermeable seals involves assuming that the fluids are in 'vertical equilibrium', meaning that the flow is predominantly horizontal and the vertical pressure distribution is therefore nearly hydrostatic (i.e., q w,z ρ w gλ w =⇒ ∂p w /∂z ≈ −ρ w g) [e.g., 4, 29] . This assumption allows for direct calculation of p w by integrating Equation (4), with the resulting expression for p w being linear in z. Jenkins et al. [25] extended this concept to allow for weak vertical flow of water by instead assuming that q w,z has a simple, continuous and piecewise-linear structure in z, as originally suggested by Nordbotten and Celia [30] for flow near a well. The expression is
where q n,B w,z (x, t) and q n,T w,z (x, t) are the vertical fluxes of water through the lower and upper seals of aquifer n, respectively. Thus, q w,z varies linearly from q n,B w,z at the bottom seal to q n,T w,z at the gaswater interface, and is then uniform and equal to q n,T w,z from the gas-water interface to the top seal. This approach still allows for direct calculation of p w by integrating Equation (4), with the resulting expression for p w being continuous and piecewise-parabolic in z. Note that the fluxes q n,B w,z and q n,T w,z are unknown, and will be determined through global conservation of mass. Combining this result with the horizontal component of Equation (3), and then substituting into Equation (2) and integrating over the full thickness of the aquifer, we arrive at the governing equation for water:
where c r is the rock compressibility, h n is the thickness of the gas layer in aquifer n, p n is the water pressure along the gas-water interface in aquifer n, and I n w is the vertically averaged mass injection rate of water per unit volume into aquifer n (Figure 1 ). Recall that we have assumed throughout that ρ w ≈ ρ 0 w . We refer the reader to Jenkins et al. [25] for more details and discussion related to this derivation.
Gas in aquifer n
Conservation of mass for gas in aquifer n is given by
where s g is the saturation of gas, q g is the Darcy flux of gas, and I g is the local mass rate of gas injection per unit volume. The Darcy flux of gas is given by Darcy's law,
where k rg is the relative permeability of gas, µ g is the dynamic viscosity of gas, which we take to be constant and uniform, and p g is the gas pressure.
The vertical component of Darcy's law (Eq. 8) can again be rearranged to give an expression for the vertical pressure gradient,
where q g,z is the vertical component of the gas flux and λ g ≡ kk rg /µ g is the mobility of the gas. As for water, the classical approach is to calculate p g by assuming vertical equilibrium in the gas (i.e., q g,z ρ g gλ g =⇒ ∂p g /∂z ≈ − ρ g g) and then integrating in z [e.g., 4, 29] . Jenkins et al. [25] made the same assumption, motivated by the scenario where the capillary entry pressure of the seals, p E c , was large enough to prevent gas from entering. We now relax this assumption, allowing for gas leakage through the seals when this entry pressure is exceeded by assuming a weak vertical flow of gas in the gas region. We assume that this vertical gas flux q g,z is uniform in z,
where q n,T g,z (x, t) is the vertical flux of gas through the upper seal of aquifer n.
Substituting Eq. (10) into Eq. (9) and integrating, we arrive at
where ρ n g is the vertically averaged gas density in aquifer n. Note that we have neglected the capillary pressure at the gas-water interface (i.e., the entry pressure of the aquifer) relative to hydrostatic varations. Note also that we have neglected terms of size ρ 0 g gHc g 1 in this calculation, taking the gas density to be approximately vertically uniform within the aquifer.
Substituting Eq. (11) into the horizontal component of Eq. (8) and continuing to neglect terms of order ρ g,0 gHc g 1, we arrive at an expression for the horizontal flux of gas in aquifer n,
where we have used the fact that z n,I = z n,T − h n .
We now integrate Eq. (7) over the thickness of the aquifer,
As in Jenkins et al. [25] , the first term of Eq. (13) becomes
where s g is now the constant and uniform saturation of gas in the gas region and c r ≡ (1/φ)(∂φ/∂p)
is the rock compressibility [e.g., 29]. The density ratio ρ 0 g /ρ n g is often approximated as unity; we avoid this approximation to ensure conservation of mass when the gas phase is moderately compressible, as would be the case for methane. The second term of Eq. (13) becomes
Recombining Eqs. (14) and (15) with Eq. (13) yields our governing equation for a compressible buoyant gravity current of gas with additional terms related to injection, weak vertical gas flow, and gas leakage,
where I n g is the vertically averaged mass injection rate of gas per unit volume into aquifer n. Equations (6) and (16) . Note that, because we have assumed that there is no gas in the seals or the water regions of the aquifers, gas that leaks upward out of one aquifer appears immediately in the gas plume in the aquifer above -in other words, we neglect the transit time between one gas plume and the next.
B. Coupling the aquifers with vertical fluxes
Vertical water fluxes
For the vertical fluxes of water across the seals, our approach and results are identical to those of Jenkins et al. [25] . We assume that there is horizontal flow and no storage within the seals, such that the mass flux of water entering seal s from aquifer n − 1 must equal the mass flux of water exiting seal s into aquifer n:
where ρ 
where λ w = kk rw /µ w is the mobility of water in the gas regions of the aquifers, with k rw the relative permeability of water in those regions, and λ s w = k s /µ w is the mobility of water in the seals. Equation (18) 
Vertical gas fluxes
For the vertical fluxes of gas across the seals, we follow a similar procedure to that for water.
With no horizontal flow and no storage within the seals, the mass flux of gas entering seal s from aquifer n − 1 must equal the mass flux of gas exiting seal s into aquifer n:
where ρ s g is the density of gas in seal s and q s g,z is the flux of gas through seal s. Unlike the water, we allow the gas to be moderately compressible; as a result, the three gas densities ρ n−1 g , ρ n g , and ρ s g are not necessarily equal. We calculate the former two densities from the associated pressures p n−1 and p n via Eq. (1), and we take the latter to be the average of the former two,
We next write Darcy's law for q s g,z , including a capillary threshold condition that prevents gas leakage unless the capillary pressure along the underside of seal s exceeds the associated entry
where
is the capillary pressure at the top of aquifer n − 1 (bottom of seal s). We smooth the sharp transition across p ) and rewriting Eq. (21) as
with
such that R → 0 for p
The parameter ϑ controls the sharpness of this transition, with Eq. (23) converging to a unit step, and therefore Eq. (22) converging to Eq. (21), for ϑ 1. Note that R(p
Our results should be independent of the particular value of ϑ as long as it is sufficiently large; we typically use ϑ = 300.
Finally, we must relate the pressures p n−1,T g and p n,B g to known quantities. Equation (11) suggests that the former pressure is given by
For the latter pressure, we again note that we expect the gas column through seal s and within the water region of aquifer n to be discontinuous. As a result, we expect the gas pressure at the bottom of aquifer n to be controlled by the continuous water column, p
w , where we again neglect the capillary pressure in the aquifers. This water pressure is itself determined via the separate system of equations for water leakage, Eq. (18). Rearranging Eq. (2.16) of Jenkins et al. [25] , the relevant expression is
Combining all of these ingredients, we eliminate q
from Eq. (24) and write the result as
where the dimensionless quantity ξ s g is given by
With Eq. (26), the gas-leakage flux can now be evaluated directly from
) is as defined in Eq. (23) . Note that Eqs. (26)- (28) To assess the entry-pressure condition and determine the value of R, we must calculate the capillary pressure at the top of each aquifer. Equation (26) is an expression for the gas pressure at the top of aquifer n − 1. Equations (2.23) and (2.24a) of Jenkins et al. [25] can be rearranged to provide an expression for the water pressure at the top of aquifer n − 1,
The capillary pressure p
is then given by
Note that this expression for p n−1,T c depends on R via ξ s g because the gas pressure at the top of aquifer n depends on whether or not the gas is actively leaking. In principle, Eqs. (26)- (31) should be evaluated iteratively to assess the entry-pressure condition and calculate the gas-leakage flux.
In practice, ξ s g is insensitive to the value of R because λ s g λ g , so it is safe and efficient to assume ξ s g ≈ 1 and calculate the other quantities accordingly. Note also that, whereas the connected water column and the resulting continuous water pressure field lead to a system of coupled equations for the N z − 1 unknown water leakage fluxes (Eq. 18), the disconnected gas column leads to an explicit expression for the each of the N z − 1 unknown gas-leakage fluxes (Eq. 28), where again
= 0. Importantly, however, the capillary pressure and the gas-leakage fluxes are strongly coupled to the water pressure field; we explore this coupling in much more detail below.
C. Boundary and initial conditions
As in Jenkins et al. [25] , we consider a system comprised of N z aquifers alternating with N z + 1 seals, all of which extend horizontally from x = −L x /2 to x = L x /2. We assume that the system is initially fully saturated with water (no gas), and that the pressure distribution is initially hydrostatic. We assume the pressure at the lateral boundaries remains hydrostatic for all time and we take the bottom-most and top-most seals to be impermeable (s = 1 and s = N z + 1, respectively). For injection of phase α into the horizontal centre of aquifer n at a mass flow rate Ṁ n α (t) per unit length into the page, the appropriate vertically integrated source term is
where δ(x) is the Dirac delta function.
D. Non-dimensionalization
As in Jenkins et al. [25] , we choose characteristic scales based on the injection of gas at a mass flow rateṀ per unit length into the page for a time T . The associated characteristic scales for length, pressure, and vertical flux are
The characteristic length L is the half-width of an incompressible box of gas of massṀ T per unit length into the page. The characteristic pressure P is the pressure drop associated with a Darcy flux φL/T of water over a distance L. The characteristic vertical flux Q z is the vertical flux of water driven by a pressure drop P across a seal of thickness b.
We use the above scales in combination with existing parameters to define the following dimensionless quantities:
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We then also introduce the following dimensionless groups:
The last two of these dimensionless groups are new relative to Jenkins et al. [25] . The seal mobility ratio M s z compares the mobility of gas leakage to that of water leakage, and is important for interpreting the effect of the relative permeability of gas in the seal (see §III B 2). The dimensionless capillary entry pressure compares the capillary entry pressure to the characteristic pressure: Roughly, gas injection is likely to drive gas leakage ifp E c < 1 and buoyancy is likely to drive gas leakage ifp E c < (1 − R d )N g . We refer the reader to Jenkins et al. [25] for a discussion of the other 8 groups.
E. Model summary
Dropping the tildes, the above scalings and dimensionless groups allows us to write our model in dimensionless form as
and
which enforce global conservation of mass in aquifer n for n = s = 1 · · · N z . The gas density in each aquifer is related to the pressure via
The aquifers are coupled by water leakage according to
for each seal s, s = n = 2 · · · N z − 1, and by gas leakage according to
The capillary pressure along the underside of each seal is given by
and the entry-pressure transition function R(p
) is as given in Eq. (23) above. Lastly, the system is closed with boundary and initial conditions, which are written in dimensionless form as
III. RESULTS
As evidenced by the large number of dimensionless parameters, this model incorporates a large number of physical mechanisms that will interact in complex and sometimes counter-intuitive ways. Jenkins et al. [25] studied the coupling of fluid injection (both water and gas) with vertical and lateral pressure dissipation, the former being a direct result of water leakage. Here, having now extended the model of Jenkins et al. [25] to allow for gas leakage subject to a capillary entry threshold, we study the coupling of gas injection with the buildup of capillary pressure and subsequent gas leakage. In doing so, we focus specifically on the likelihood of gas leakage and on the impact of gas leakage on the spatial distribution of gas at the end of injection. We plan to study the time evolution of the gas plume and the pressure field, both during and after injection, in future work.
We focus on a minimal system: Two aquifers (N z = 2) separated by a permeable but finegrained seal, with gas injection into the lower aquifer (n = 1). We choose rock properties that are consistent with the injection of CO 2 into a typical target reservoir for CCS -namely, thick sandstone aquifers and a thin mudstone seal. We choose fluid properties that are consistent with those of CO 2 and brine at a depth of ∼1 km. We assume an injection rate of ∼2 Mt per year distributed along a 30 km injection array, and an injection time 10 years. This scenario motivates a set of dimensional reference parameter values, from which we calculate dimensionless reference parameter values. We summarise both sets of parameters in Table I . We use these parameter values below, except where explicitly indicated otherwise.
We solve our model numerically by discretising in space using a standard finite-volume method on a uniform grid and integrating in time using MATLAB's stiff ODE solver ODE15s [31] . At each is coupled to the thickness of the gas plume due to buoyancy; to the pressurisation of aquifer n due to injection; to the pressurisation of aquifer n + 1 due to vertical pressure dissipation via water leakage; and to gas leakage itself. It is therefore instructive to begin by considering the evolution of this capillary pressure in the absence of gas leakage, taking p E c → ∞. In this limit, our model is identical to that of Jenkins et al. [25] .
During gas injection into aquifer n, a plume of gas will form, thicken, and spread with time (Figures 2a, inset, and 2b, inset) . As has been studied previously in some detail, the characteristic tongued shape of this plume will be controlled by several factors, including the mobility of gas relative to that of water (M), the strength of buoyancy relative to injection ((1 − R d )N g ), the importance of compressibility relative to injection pressure (N cw , R cw N cw , and R cf N cw ), and the strength of vertical pressure dissipation relative to that of lateral pressure dissipation (R 
Note that this expression is a good approximation to p n,T c even with gas leakage, because our model fundamentally assumes that the seals provide more resistance to vertical flow than the aquifers (Λ s w 1) and we expect that the gas will be much more mobile within the aquifers than the water (M 1).
This expression above for p measures the ratio of the former resistance to the latter.
In the limit where the seals dominate the total resistance to upward water flow under the gas 
or, in dimensional terms, p n,T c ≈ (ρ w − ρ n g )gh n . Thus, the gas pressure is gas-static from the interface upward (p
and, if the gas offers negligible resistance to vertical flow of water, the water pressure is also nearly hydrostatic from the interface upward (p
. As a result, the capillary pressure at the top of the aquifer is simply given by the socalled buoyant overpressure in the gas, which mirrors the plume shape (p n,T c ∝ h n ), as illustrated in Figure 2 (a). In this limit, our entry pressure condition becomes identical to that of Woods and
Farcas [20] .
In the opposite limit, where the gas region dominates the total resistance to upward water flow under the gas plume, b/Λ
1 and the capillary pressure instead reduces to
gas pressure
Thus, the gas pressure is still gas-static from the interface upward (p
the water pressure at the top of the aquifer is now effectively hydraulically disconnected from the water pressure at the interface by the presence of the gas. As a result, the water pressure at the top of the aquifer is given by the pressure at the bottom of the aquifer above plus the hydrostatic difference across the seal. In other words, a very small value of k rw in the gas region (strictly,
can enable a much larger pressure difference between the gas and the water at the top of the aquifer, and therefore a much larger capillary pressure. We illustrate this in Figure 2 (b), having changed only the value of k rw relative to Figure 2 (a). The shape of the gas plume is very similar to that shown in Figure 2 (a), but now somewhat broader due to the reduction in pressure dissipation. However, the capillary pressure is now more than two orders of magnitude larger, and it remains large over a much broader region; the latter is due to the development of a plateau in the water pressure above the gas plume [25] . Note that the assumption that Λ s w h n /k rw 1 must always eventually break down near the advancing nose of the plume for any nonzero k rw , since there must always exist some vanishing plume thickness at which the gas can no longer obstruct the water (i.e., where h n k rw /Λ s w ). In other words, the former buoyancy-dominated limit of Λ s w h n /k rw 1 must always apply sufficiently close to the edge of the gas plume.
The maximum capillary pressure always occurs at the injection point (x = 0) and at the end of injection (t = 1), max(p These results suggest that the buoyant overpressure may provide a substantial underestimate of the capillary pressure in the presence of vertical pressure dissipation, which has implications for the likelihood of gas leakage for typical geological parameters (see §IV).
B. Gas leakage through a uniform seal
We now consider finite values of p E c , for which gas does eventually leak when buoyancy and/or injection is sufficiently strong. The strength and horizontal extent of gas leakage are controlled by several key parameters: k rw , as discussed above; Λ s w , which measures the resistance of the aquifers to water flow relative to that of seals; M s z , which measures the resistance of the seals to water flow relative to their resistance to gas flow; and, of course, p E c . In the previous section, we focused on the impact of k rw on the potential for gas leakage. In this section, we now fix k rw = 10 −3 (the reference value) and study the roles of Λ s w , M s z , and p E c in determining the strength and extent of gas leakage, and the resulting distribution of gas in aquifers 1 and 2 at the end of injection. To do so, we consider the total mass of gas in aquifer 2 at the end of injection. Note that the total mass of gas in aquifer n at time t is given by
Varying
and the total mass of gas in the system is given by
Here, we prescribe a constant mass rate of gas injection I 1 g = 2 until time t = 1 and it must therefore be the case that M tot g (t) = M 1 g (t) + M 2 g (t) = 2t. Without gas leakage, we expect at the end of injection that M 1 g (t = 1) = 2 and M 2 g (t = 1) = 0 (i.e., that all of the gas is located in the injection aquifer). With gas leakage, we expect that M 2 g (t = 1) > 0 and that
We expect the rate of gas leakage to increase with Λ k rw /h 1 (Fig. 3) . As a result, we expect the total amount of gas leakage to increase monotonically (or nearly so) as Λ s w increases. Similarly, gas leakage starts earlier and occurs over a larger horizontal extent as p E c decreases; we therefore expect the total amount of gas leakage to increase monotonically as p c shown here, the curves diverge downward at some critical value of Λ s w , below which the entry pressure is never exceeded and there is therefore no gas leakage (M 2 g → 0).
gas plume in aquifer 2 (Fig. 5, upper left) . As p E c decreases at fixed Λ s w (Fig. 5 , left to right), the gas plume in aquifer 2 grows broader as gas leakage starts earlier and occurs over a larger horizontal extent, but also thinner as the increasing amount of gas leakage begins to have a stronger impact on the gas plume in aquifer 1. For low p E c , the horizontal extent of gas leakage approaches the full width of the plume in aquifer 1, leading to a plume of the same width in aquifer 2. As Λ s w increases at fixed p E c (Fig. 5, dark to light colors) , the leakage flux increases and the width of the leaking region broadens due to the broadening of p 1,T c (Fig. 2) . At high p E c , the gas plume in aquifer 2 grows thicker and broader as Λ s w increases, whereas the gas plume in aquifer 1 shrinks gently over its entire extent while retaining its shape. At lower p E c , in contrast, the gas plume in aquifer 2 grows thicker and narrower as the rate of gas leakage becomes large enough to substantially decrease the extent of the gas plume in aquifer 1.
Moderate values of p E c and moderate to high values of Λ s w lead to a large leakage rate that partially but not entirely spans the gas plume in aquifer 1, the plumes in both aquifers develop a noticeable kink at the transition between the region that is losing/gaining gas and the region that is not. When gas leakage is either focused near the injection well (high p We next quantify these plume shapes. For the gas plume in aquifer 1, we consider the plume width w 1 (t), where w n (t) is the distance between the injection point and the place where the thickness of the plume in aquifer n falls below an arbitrary threshold value (here, 10 −6 ). The width of the plume in aquifer 1 at the end of injection, w 1 (t = 1), decreases monotonically as p E c decreases and nearly monotonically as Λ s w increases (Fig. 6a) . Recall, however, that the width of the plume in aquifer 1 decreases strongly with Λ s w even in the absence of gas leakage due to increasing vertical pressure dissipation, as discussed in detail in Jenkins et al. [25] . To separate To separate the decrease in plume width due to gas leakage from the decrease in plume width due to vertical pressure dissipation, we also show (b) the relative difference between w 1 (t = 1) and its value for p E c → ∞ (no gas leakage).
For the gas plume in aquifer 2, the width at the end of injection w 2 (t = 1) increases strongly and monotonically as p E c decreases, but has a relatively weak and non-monotonic dependence on Λ s w (Fig. 7b) . The maximum thickness of the gas plume in aquifer 2, max(
is easier to interpret, increasing monotonically as Λ s w increases and as p E c decreases, although the latter dependence is much weaker (Fig. 7c) . We find that max(h 2 ) ∼ Λ Lastly, we consider the aspect ratio of the gas plume in aquifer 2, A 2 = w 2 (t = 1)/max(h 2 ) (Fig. 7a) . The aspect ratio increases strongly as p E c decreases, suggesting that the increase in w 2 (t = 1) dominates the increase in max(h 2 )-we therefore always expect a more elongated gas plume in aquifer 2 for lower p In other words, the gas plume in aquifer 2 will always grow taller relative to its width as Λ s w increases (Fig. 5) . For fixed fluid viscosities, varying M s z is equivalent to varying the relative permeabilities in the seal. Physically, this can be interpreted as changing the fraction of pore volume in the seal that is available to conduct vertical gas leakage relative to vertical water leakage. In the absence of relative permeability effects, the maximum value of M s z is µ w /µ g = 20. In this limit, the seal is more conductive to gas than to water, and the local flux of gas across the seal exceeds that of water once p (Fig. 8b) . In reality, we expect k 
IV. IMPLICATIONS FOR CCS
We now consider the implications of our results for CCS, with a particular focus on CO 2 injection at Sleipner-where CO 2 has been injected at an average rate of about 1 Mt y −1 since 1996.
Note that, for purposes of this discussion, we revert to dimensional quantities.
The entry pressure for a perfectly non-wetting phase invading a pore is approximately p E c ≈ 2γ/r, where γ is the interfacial tension and r is the typical pore-throat radius. Chiquet et al. [34] measured the CO 2 -water interfacial tension to be γ ≈ 25 mNm −1 at reservoir conditions, and Kuila and Prasad [35] measured the typical pore-throat radii of North Sea shales to be 10-100 nm.
These values imply p E c ≈ 0.5-5 MPa for a typical sealing layer at Sleipner, which is similar to the range of 2-5 MPa estimated by Chadwick et al. [36] .
In §III A above, we showed that the magnitude and distribution of the capillary pressure at the base of a seal is very sensitive to the relative permeability k rw of water in the gas-saturated region, which originates in the conductivity and connectivity of residual water films there. Neglecting the resistance to water flow through this region by assuming k rw = 1 implies that the water column is very well connected across the gas region, such that the water pressure is nearly hydrostatic across the gas region and the capillary pressure along the base of the seal can be very well approximated by the buoyant overpressure in the gas, p c ≈ (ρ w − ρ g )gh n , as has been assumed previously [e.g., 20]. To exceed an entry pressure of p E c ≈ 2 MPa would then require a CO 2 column of thickness ∼ 680 m, which is difficult to achieve. For our reference scenario, Figure 2 (a) implies that the maximum capillary pressure for k rw ≈ 1 is p c ≈ 0.04P ≈ 11 kPa, where P ≈ 0.27 MPa is our characteristic pressure (see §33). This result would suggest that the capillary pressure cannot exceed the threshold for gas leakage. At Sleipner, where seismic data has been widely interpreted to show gas leakage across sealing layers, this conclusion, in addition to a vertical seismic anomaly, has led many to infer the presence of a conduit that provides a low-entry-pressure and high-permeability vertical channel for the gas leakage [e.g., [36] [37] [38] .
However, we demonstrated above that decreasing k rw leads to a substantial increase in the breadth and magnitude of p c . Assuming that the gas region completely obstructs vertical water 
MPa. This capillary pressure, which is about 300 times larger than the previous estimate, is sufficiently high to suggest that gas leakage through the sealing layers at Sleipner is entirely plausible, and may occur instead of, or in addition to, gas leakage through a hypothetical conduit.
Reducing k rw makes CO 2 leakage much more likely by substantially increasing the capillary pressure at the base of the seal, and would also greatly increase the amount of leakage by broadening the spatial distribution of this capillary pressure. Figure 9 shows the mass fraction of gas in the upper aquifer at the end of injection M 2 g (t = 1)/2 (i.e., the fraction of injected gas that has leaked) as a function k rw and p E c . The amount of gas leaked is very sensitive to k rw . Decreasing k rw by 1-2 orders of magnitude can initiate leakage, or substantially amplify it. Unfortunately, the connectivity and conductivity of the water films in the gas-saturated region is poorly understood, making the appropriate value of k rw very poorly constrained. The most likely scenario is that k rw 1, which suggests that gas leakage is much more likely than estimates based on buoyant overpressure might imply.
V. CONCLUSIONS
In this study, we derived an upscaled theoretical model for gas injection into a system of layered aquifers and seals, in which we allowed for vertical leakage of both water and gas across the intervening seals. Our model extends the framework of Jenkins et al. [25] to include gas leakage subject to a capillary threshold. Our model is computationally efficient by virtue of being vertically integrated, which is essential for exploring the large parameter space that governs fluid migration and pressure dissipation in these systems.
After developing the model, we focused for simplicity on gas injection into a two-aquifer system. We began by studying the buildup of capillary pressure on the underside of the seal during gas injection, taking p E c → ∞ such that no gas leakage occurs. In this limit, our model is identical to that of Jenkins et al. [25] . We identified two end-member scenarios in the evolution of this capillary pressure, depending on the connectivity and conductivity of residual water films in the gas region, as parameterised by the relative permeability k rw to water in that region. If the gas region provides very little resistance to vertical water flow relative to the seal (k rw Λ s w h n ), then the capillary pressure along the underside of the seal is simply the phase-static pressure difference taken upward from the gas-water interface (i.e., the buoyant overpressure at the top of the gas region) [20] . As a result, the spatial distribution of the capillary pressure mirrors the shape of the gas plume: It has a sharp maximum at the injection well that declines rapidly towards the thin tongue. If the gas region instead provides the principal resistance to vertical water flow relative to the seal (k rw Λ s w h n ), then the water pressure at the base of the seal is effectively disconnected from the water pressure at the gas-water interface and the capillary pressure is instead related to the hydrostatic pressure measured downward through the seal from the aquifer above. This limit leads to capillary pressures that are much larger (by more than two orders of magnitude for the scenarios studied here) over a much wider region in space. We showed that this latter limit, in particular, may enable CO 2 leakage across interbedded shales at Sleipner.
Having established the key role of k rw in the buildup of capillary pressure, we subsequently studied the importance of several key parameters on vertical gas leakage. We showed, as described previously by Woods and Farcas [20] in the context of a single-layer model, that the capillary entry pressure sets the horizontal length scale over which gas leakage occurs: Gas leakage starts earlier and occurs over a broader region as p E c decreases. We demonstrated that increasing the conductivity of the seals relative to the aquifers (increasing Λ s w ) increases the rate and therefore the total amount of gas leakage, as does increasing the mobility of gas in the seals relative to water (increasing M s z ). For small Λ s w and/or small M s z , the global pressure field is dominated by the water and the total amount of gas leakage increases linearly with Λ s w and M s z . As these parameters grow larger, gas leakage plays an increasingly important role in the pressure field and begins to suppress further growth in the leakage rate. We also showed that reducing p E c increases the aspect ratio of the leaked gas plume (in aquifer 2), whereas increasing Λ s w decreases this aspect ratio.
Our results highlight the fact that vertical pressure dissipation via water leakage establishes a global pressure field that then plays a central role in the complex interactions that control gas injection, migration, and leakage in layered aquifers, even when the seals have a very low permeability relative to the aquifers (note the range of Λ s w values considered here). One consequence of these interactions is the unexpectedly important role of k rw for pressure dissipation, plume shape, and capillary pressure, as discussed here and in Jenkins et al. [25] ; the value of this quantity is very poorly constrained, but likely to be small.
Our results suggest that aquifers and other subsurface reservoirs should not be considered in isolation when any pressurisation is expected, even for reduced-order models and even when the fluids of interest are expected to remain contained (e.g., CO 2 , oil, or gas). This idea is not a new one among hydrologists and hydrogeologists [e.g., 39], but it would appear that its implications for CCS and hydrocarbon production have not been fully appreciated.
It is straightforward to extend our model to include topography, lithological heterogeneity (e.g., conduits, faults or fractures), and trapping mechanisms (e.g., residual trapping and dissolution trapping). These topics are the subject of ongoing work.
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